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We have generated embryonic stem (ES) cells and transgenic mice carrying a tau-tagged green fluorescent protein (GFP)
transgene under the control of a powerful promoter active in all cell types including those of the central nervous system.
GFP requires no substrate and can be detected in fixed or living cells so is an attractive genetic marker. Tau-tagged GFP
labels subcellular structures, including axons and the mitotic machinery, by binding the GFP to microtubules. This allows
cell morphology to be visualized in exquisite detail. We test the application of cells derived from these mice in several types
of cell-mixing experiments and demonstrate that the morphology of tau–GFP-expressing cells can be readily visualized after
they have integrated into unlabeled host cells or tissues. We anticipate that these ES cells and transgenic mice will prove
a novel and powerful tool for a wide variety of applications including the development of neural transplantation
technologies in animal models and fundamental research into axon pathfinding mechanisms. A major advantage of the
tau–GFP label is that it can be detected in living cells and labeled cells and their processes can be identified and subjected
to a variety of manipulations such as electrophysiological cell recording. © 2000 Academic Press
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PINTRODUCTION
In many biological experiments it is necessary to distin-
guish between two populations of cells. It is often useful to
mark one population of cells genetically so that the cell and
its descendants can be identified indefinitely. An animal
expressing the marker in every cell would provide a univer-
sal source of labeled cells without the need to generate new
lines for each subset of labeled cells required.
Green fluorescent protein (GFP), originally extracted
from jellyfish Aequorea victoria, requires no substrate for
detection and can be detected in fixed or living cells by
fluorescent microscopy (Chalfie et al., 1994). Over recent
years the gene encoding GFP has undergone directed evo-
lution in the hands of biologists anxious to exploit its
experimental potential. Alterations of the GFP-coding se-
quence have produced variants with improved expression
and detection properties in transgenic mice (Siemering et
al., 1996; Zernika-Goetz et al., 1997). By imposing different
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All rights of reproduction in any form reserved.enetic controls, transgenic mice have been produced
hich express GFP either ubiquitously (Okabe et al., 1997;
Hadjantonakis et al., 1998) or in a more restricted number
f cell types (Godwin et al., 1998; Van den Pol and Ghosh,
998; Zhuo et al., 1997). We combined the use of a strong
romoter (Niwa et al., 1991) which drives ubiquitous ex-
ression of a GFP transgene in mice (Okabe et al., 1997;
adjantonakis et al., 1998) and tau tagging (Rodriguez et al.,
999) which we anticipated would improve our ability to
isualize cell morphology, particularly long processes such
s axons and other cytoskeletal features (Callahan and
homas, 1994; Ludin and Matus, 1998; Kaech et al., 1996;
reuss and Mandelkow, 1998; Mills et al., 1998; Rodriguez
et al., 1999).
We report the generation and characterization of ES cells
and transgenic mice ubiquitously expressing a tau–GFP
fusion protein. Tau–GFP labeling reveals specific subcellu-
lar features such as the mitotic machinery by illuminating
the microtubule component of the cytoskeleton. Detection
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20 Pratt et al.of tau–GFP in living preparations will provide a powerful
tool for studying microtubule dynamics in a variety of cell
types and cellular processes including axon pathfinding,
cell division, differentiation, migration, and death. Experi-
ments in which tau–GFP-expressing cells and tissues are
cultured with nonexpressing cells or tissues demonstrate
the experimental potential of these mice in cell-mixing
experiments. Labeled cells and their processes can be visu-
alized by fluorescence microscopy in live and fixed prepa-
rations and their behavior can be mapped.
MATERIALS AND METHODS
Construction of Tau–GFP Expression Vector pTP6
The GFP variant mmgfp6 cDNA (Siemering et al., 1996;
ernika-Goetz et al., 1997) was fused at its 59 end to the 39 end of
a cDNA-encoding bovine tau (Callahan and Thomas, 1994) to
generate an in-frame fusion. The fusion cDNA was inserted into
the mammalian expression vector pCAGiP (a kind gift from I.
Chambers) which uses the CAG promoter (Niwa et al., 1991) to
drive expression of the tau–GFP fusion and puromycin resistance
(Fig. 1a). Similar constructs containing GFP alone or GFP fused in
frame at its 39 end to the 59 end of a human tau cDNA were also
constructed.
Generation of Tau–GFP-Expressing ES Cells and
Transgenic Mice
ES cell line E14Tg2a (Hooper et al., 1987) were maintained in the
presence of leukemia inhibitory factor (LIF) without a feeder layer
(Smith, 1991). pTP6 was linearized with ScaI and introduced into
embryonic stem (ES) cells by electroporation. Ten puromycin-
resistant clones were selected and expanded for analysis. ES cells
were induced to differentiate into neurons by aggregation into
embryoid bodies (EBs) for 8 days with inclusion of retinoic acid for
the final 4 days. EBs were then dissociated and cultured in
serum-free medium on poly-D-lysine- and laminin-coated plastic
(Bain et al., 1995; Li et al., 1998). Injection of three ES clones into
blastocysts resulted in germline transmission in two lines of
transgenic mice designated TgTP6.3 and TgTP6.4. These lines were
maintained as heterozygotes for the tau–GFP transgene.
Visualizing Mitotic Machinery in Fixed and Live
Tau–GFP ES Cells
The tau–GFP-expressing ES cell line E14Tg2aSc4TP6.3 from
which the TgTP6.3 transgenic line was derived was used for these
experiments. For live imaging, ES cells were cultured on poly-D-
ysine- and gelatin-coated glass coverslip bottomed dishes (Wilco
ells B.V., The Netherlands) in a climate-controlled chamber (5%
O2, 37°C, humidified) on the stage of an inverted confocal
icroscope. For chromosomal staining, ES cells were grown on
elatin-coated plastic, fixed for 15 min in 4% paraformaldehyde in
HEM buffer (Schliwa and van Blerkom, 1981) at room tempera-
ure, permeabilized with 0.1% Triton X-100, stained in a solution
f propidium iodide containing 4 mg/ml RNase, and mounted in
Vectashield (Vector Laboratories, Burlingame, CA). Images were
collected using an oil immersion lens.
Copyright © 2000 by Academic Press. All rightFACS Analysis
Dissociated ES cells or cortical cells were sorted for green
fluorescence using a fluorescence activated cell sorter (FACS)
(Becton Dickinson, Rutherford, NJ) to generate histograms of green
fluorescence intensity (FL1 channel) versus cell number.
Confocal Microscopy
Cells and tissues were visualized using a Leica TCS NT confocal
microscope (Leica Microsystems, Germany). Bright-field images
were collected in the transmitted channel. GFP was detected in the
FITC (green) channel. In some cases sections were counterstained
with the nuclear dye propidium iodide which was detected in the
TRITC (red) channel. Unless otherwise stated, serial optical sec-
tions were collected and combined. Time-lapse footage was ac-
quired using Leica TCS NT software.
Tissue Processing for Vibratome Sections
Embryos were fixed in ice cold 4% paraformaldehyde in
phosphate-buffered saline (PBS) overnight prior to embedding in
4% low-melting-point agarose and sectioning with a Vibratome
(Technical Products International, St. Louis, MO) to produce
200-mm sections. Some preparations were counterstained with
propidium iodide before mounting in 1:1 glycerol:PBS containing
10% Vectashield (Vector Laboratories).
Primary Culture of Neural Cells and Tissues
Cultures were carried out essentially as described by Lotto and
Price (1999a,b). Embryonic cortical cells were dissociated from
cortex using a papain dissociation system (Worthington Biochemi-
cal Corporation, Freehold, NJ) and cultured on poly-D-lysine-coated
coverslips for 1 to 3 days. Organotypic slices were obtained from
embryonic brains dissected in ice-cold oxygenated Earle’s balanced
salt solution and sliced into 300-mm slices with a tissue chopper.
The regions of interest (thalamus and ventral telencephalon) were
dissected from the slices and arranged on collagen coated inserts
(Costar, UK) prior to culture for 3 days using an air interface
protocol. Slices were then fixed and imaged. For both dissociated
and organotypic culture, a defined serum-free medium was used
and cultures were fixed for between 20 and 60 min in ice cold 4%
paraformaldehyde in PBS. Some cultures were counterstained with
propidium iodide before mounting in 1:1 glycerol:PBS containing
10% Vectashield (Vector Laboratories).
Production of Chimeras
Chimeras were produced as described by Tarkowski (1961)
(reviewed in Rossant and Spence, 1998). Eight-cell-stage transgenic
and nontransgenic embryos were aggregated to produce chimeras,
which were allowed to develop in vitro into blastocysts. These
were then imaged while still growing in culture medium in a
climate-controlled chamber (5% CO , 37°C, humidified) on the2
stage of an inverted confocal microscope.
s of reproduction in any form reserved.
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Generation of Tau–GFP-Expressing ES Cells and
Transgenic Mice
Linearized tau–GFP expression construct pTP6 (Fig. 1a)
was introduced into ES cells by electroporation. In this
construct the tau–GFP fusion protein and puromycin resis-
tance genes are linked by an internal ribosome entry site
and expression of both is driven by a cytomegalovirus
immediate early enhancer coupled to the chicken b-actin
promoter and first intron (Niwa et al., 1991). Ten
puromycin-resistant clones were picked at random and
expanded for analysis of tau–GFP expression. FACS analysis
of tau–GFP ES cells grown in the presence of LIF showed
that all clones exhibited broadly similar green fluorescence
intensity with the vast majority of cells being green (com-
pare Fig. 1c to untransfected control in Fig. 1b). Similar
FACS profiles were also seen in ES cells stably transfected
with constructs analogous to pTP6 but which expressed
untagged GFP or an alternative GFP–tau fusion (data not
shown). Tau should cause the tau–GFP to be localized in
cellular processes including axons. To test the tau–GFP
transgene expression in neurons, tau–GFP ES cells were
differentiated into neurons by aggregating them into EBs
FIG. 1. Expression of a tau–GFP fusion transgene in murine em
tau–GFP transgene. In pTP6 the tau–GFP fusion (tau–GFP) and puro
site (IRES) and expression of both is driven by a human cytomega
b-actin promoter and first intron (CBA) and a bovine growth horm
ScaI (which cuts within the ampicillin resistance (AmpR) gene) pri
of ES cells and cells from embryonic neocortex of TgTP6.3 trans
number. (c) ES cells stably transfected with pTP6 exhibit a single gr
levels. (e) Cells from the E16 cerebral cortex of transgenic mice der
of (b) untransfected ES cells and (d) embryonic neocortical cells
fluorescence exhibited by nonexpressing cells.and growing them in the absence of LIF for 8 days with
Copyright © 2000 by Academic Press. All rightretinoic acid included for the final 4 days. EBs were then
dissociated and cultured in serum-free medium. Compari-
son of bright-field and fluorescence images showed that
cells with neuronal morphology continued to express the
transgene and that the tau–GFP label was distributed
evenly throughout cellular processes while being excluded
from the nucleus. All tau–GFP ES clones analyzed were of
similar appearance in this respect. This contrasted with
cells expressing untagged GFP where although the cell body
was fluorescent, the fluorescence in processes was less easy
to detect (data not shown). Three tau–GFP-expressing ES
cell clones were injected into blastocysts which were reim-
planted and allowed to develop. Germline transmission was
established for two lines. Transgenic pups could easily be
distinguished from nontransgenic littermates by examina-
tion of ear clippings under a microscope equipped for GFP
fluorescence. Southern blot analysis (not shown) confirmed
that all animals carrying the transgene exhibited green
fluorescence.
Tau–GFP transgene expression has been maintained in both
lines over several generations. Preliminary analysis of the
TgTP6.3 line indicated that widespread tau–GFP expression
could be detected in all tissues throughout development. The
other line, TgTP6.4, exhibited strong and widespread tau–GFP
nic stem (ES) cells and TgTP6.3 transgenic mice. (a) Structure of
in resistance (Puro) genes are linked by an internal ribosome entry
us immediate early enhancer (HCMVIEE) coupled to the chicken
olyadenylation signal (bGHpA). The plasmid was linearized with
introduction into ES cells by electroporation. (b–e) FACS profiles
c mice. Histograms show green fluorescence plotted against cell
uorescent peak indicating that all cells express tau–GFP at similar
rom these ES cells exhibit comparable green fluorescence. Profiles
nontransgenic littermates indicate background levels of greenbryo
myc
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fromexpression in many nonneural tissues but tau–GFP was al-
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22 Pratt et al.most undetectable in a large proportion of the central nervous
system (CNS). Interestingly in both lines, the blood vessels
exhibited high levels of expression resulting in an unexpect-
edly clear view of the vascular supply to the brain which was
particularly apparent in the TgTP6.4 line. The remainder of
this study focuses on the TgTP6.3 line.
In order to establish whether the tau–GFP transgene was
expressed in all cells in the CNS we examined whole mounts
and serial sections at a variety of embryonic stages (Fig. 2 and
data not shown). This suggested that expression was indeed
ubiquitous, although we would not have detected small sub-
sets of unlabeled cells intermingled with labeled cells with
this method. When whole embryonic brain was dissociated
and plated onto coverslips we found that all cells were indeed
labeled (data not shown). To quantify tau–GFP expression in
more detail we chose embryonic cerebral cortex which con-
tains cells at various stages of development including prolif-
erating cells in the ventricular and subventricular zones,
postmitotic cells migrating through the intermediate zone,
and more differentiated cells in the cortical plate. Dissociated
E16 cortical cells were subjected to FACS analysis. A single
green fluorescent peak indicated that all cortical cell types
express similar levels of tau–GFP protein and that there are no
subsets of nonexpressing cells (compare Fig. 1e to nontrans-
genic littermate in Fig. 1d).
Tau–GFP Expression Profile during Embryonic
Development
Embryos heterozygous for a paternally derived tau–GFP
FIG. 2. Confocal images showing widespread tau–GFP expression
(b) green fluorescent images of the same field showing that at the b
embryos with no expression detectable in a third nontransgenic litte
throughout head and body. (d) Coronal Vibratome section through
nonneural tissues. Bar in a, b, 20 mm; c, d, 500 mm.transgene were taken at various stages of development for T
Copyright © 2000 by Academic Press. All rightxamination of tau–GFP expression in whole-mount prepa-
ations. Tau–GFP-expressing embryos can first be distin-
uished from nontransgenic littermates at the four-cell
tage indicating the onset of detectable expression (not
hown). Transgene expression becomes detectable in all
ells simultaneously. At E3.5 (blastocyst stage) the embryo
onsists of several distinct cell lineages: epiblast (inner cell
ass), polar trophectoderm, and mural trophectoderm, all
f which express at similar levels (Figs. 2a and 2b). By E10.5
he embryo has undergone substantial differentiation with
ead, limbs and internal organs being recognizable (Fig. 2c).
au–GFP expression remains widespread at this stage and
t all other ages examined throughout postnatal life (Fig. 2d
nd data not shown).
Tau–GFP Efficiently Labels Long Cellular Processes
In using a tau–GFP fusion transgene we anticipated
labeling microtubule containing structures, notably the
long cellular processes which connect cells in the CNS. To
test whether this had been successfully accomplished we
looked at tau–GFP localization in cultured cells and in fiber
tracts. E16 cortex was dissociated into single cells, plated
onto coverslips, and imaged after time in culture. Tau–GFP
was present in the cytoplasm where it efficiently filled
cellular processes (compare Fig. 3b to Fig. 3a). To evaluate
our transgene as a marker of fiber tracts we chose the
thalamocortical axon (TCA) pathway (Fig. 3e) as an example
(Auladell et al., 2000). The TCA pathway consists of axons
onnecting the dorsal thalamus with the cerebral cortex.
ughout development of TgTP6.3 heterozygotes. (a) Bright-field and
cyst stage (E3.5) tau–GFP is expressed throughout two transgenic
e. (c) Whole mount of transgenic E10.5 embryo showing expression
of E16 embryo showing green fluorescence throughout brain andthro
lasto
rmat
headhe TCA tract passes ventrally through the ventral thala-
s of reproduction in any form reserved.
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24 Pratt et al.mus, makes a sharp lateral turn at the hypothalamus, and
enters the ventral telencephalon through the internal cap-
sule, before turning dorsally into the intermediate zone of
the cerebral cortex. The TCA fiber tract is highlighted by
tau–GFP label with particularly strong staining seen in the
internal capsule and intermediate zone (Fig. 3e). The direc-
tion of fibers is apparent although individual fibers are hard
to resolve (Figs. 3f and 3h). There was strikingly reciprocity
between the localization of tau–GFP and cell nuclei (Figs.
3g and 3i). Apparent “holes” in tau–GFP labeling corre-
spond to the nuclei of cells stained red with propidium
iodide (compare tau–GFP label in Fig. 3c with propidium
iodide staining in Fig. 3d).
Subcellular Localization of Tau–GFP in Living
Cells Reveals Mictrotubule-Containing Structures
We expected that the ability of tau–GFP to bind to
microtubules would provide a means to visualize the mi-
crotubule component of the cytoskeleton. In living cells
these subcellular details are otherwise inaccessible.
The microtubule component of the cytoskeleton plays an
important role in cell function throughout the cell cycle
with microtubules existing in a constant state of dynamic
instability. During interphase, microtubules radiating from
a single microtubule organizing center (MTOC) fill the
cytoplasm and bundle together to form the core of develop-
ing processes. At the onset of mitosis, the MTOC replicates
to generate two daughters, which migrate to opposing poles
of the cell. The microtubules reorganize to generate the
FIG. 3. Tau–GFP label reveals neural processes and is excluded fro
uorescent images of dissociated E16 cortical cells cultured on co
e detected by bright field microscopy. (c) Green fluorescence- and (
pparent “holes” in the tau–GFP labeling correspond to the locat
oronal Vibratome section of transgenic embryonic brain illust
halamus (DT) and cerebral cortex (CC). Note the intense green fluo
ic), and intermediate zone (iz) of the cerebral cortex indicating tha
) propidium iodide staining in Vibratome sections of E16 brain
eciprocity of tau–GFP and propidium iodide staining which accou
uclear packing density. Bar in a–d, 20 mm; e, 500 mm; f–i, 100 mm
IG. 4. Confocal imaging of tau–GFP in living cells allows visualiz
etwork. (a–c) Tau–GFP labeling of living interphase cells. (a) Filam
rom a single point in embryonic heart cells (see also cell in top le
eurons. (d–k) Tau–GFP labels the mitotic machinery in dividing E
abeling can be seen as green spots that correspond to the expected
ocation of the spots of tau–GFP label relative to the chromosomes
uring prophase to coincide with chromosome condensation and th
lane of division (equator) during metaphase; and (f, g) segregate to t
onfocal images selected from time-lapse footage of a live tau–GFP-
atches the position occupied by the mitotic spindle as the cell d
ymmetrically arranged around the plane of cell division as the cel
k) telophase to generate two daughter cells (the lower daughter ce
ark the plane of cell division. Note that the mitotic spindle appe
omparable stages of mitosis (e, f). Images in (a, d–g, i–k) are single
mm; b, 10 mm.
Copyright © 2000 by Academic Press. All rightitotic spindle, a structure which coordinates the equal
egregation of chromosomes to the daughter cells.
To confirm that tau–GFP labels a variety of microtubule-
ontaining structures we examined live preparations of
au–GFP-expressing cells from TgTP6.3 transgenic mice
nd the E14Tg2aSc4TP6.3 ES cell line from which the mice
ere derived. A single optical section through live ES cells
Fig. 4a) shows a subcellular fibrous tau–GFP labeling pat-
ern in the cytoplasm. Live interphase cells from embryonic
eart exhibit tau–GFP label radiating from a single in-
ensely labeled point into the cytoplasm (Fig. 4b). Neural
ells which have been dissociated and cultured exhibit long
venly labeled processes, with a particularly strong GFP
ignal extending from their base (Fig. 4c).
During mitosis tau–GFP labels the mitotic machinery.
epresentative examples of fixed cells (chromosomes
tained red with the DNA stain propidium iodide) are
hown (Figs. 4d–4g). At the start of mitosis the MTOCs
eplicate as the chromosomes condense (Fig. 4d). The chro-
osomes then congregate along the plane of division (equa-
or) to form the metaphase plate which is flanked (at the
oles) by the MTOCs between which the mitotic spindle is
ormed (Fig. 4e) before segregating toward the MTOCs along
he mitotic spindle (Fig. 4f). Mitosis concludes as the
aughter cells separate each with a complete set of chro-
osomes associated with a MTOC (Fig. 4g).
The pattern of tau–GFP labeling described above is con-
istent with tau–GFP labeling microtubules during inter-
hase and mitosis with particularly strong labeling seen at
he MTOC. The tau–GFP does not associate with the
e nucleus in TgTP6.3 transgenic mice. (a) Bright-field and (b) green
ips. Tau–GFP efficiently labels all the neural processes which can
opidium iodide-stained nuclei in Vibratome sections of E16 cortex.
f nuclei showing that tau–GFP is excluded from the nucleus. (e)
g the thalamocortical axon pathway which connects the dorsal
nce of the fiber tract in the ventral thalamus (VT), internal capsule
entire tract is efficiently labeled. (f, h) Green fluorescence and (g,
ing (f, g) intermediate zone and (h, i) internal capsule. Note the
or the intense labeling in fiber tracts compared to regions of high
of subcellular structures and reveals the filamentous microtubule
us tau–GFP labeling in live ES cells. (b) Tau–GFP labeling radiates
nd corner of a). (c) Tau–GFP labels growing processes in cultured
lls. (d–g) In fixed cells representing key stages of mitosis tau–GFP
tion occupied by the MTOCs. Chromosomes are stained red. The
ches the location occupied by the MTOCs after they: (d) replicate
set of mitosis; (e) flank the chromosomes as they line up along the
posite poles of the cell occupied by the MTOCs at anaphase. (h–k)
ssing ES cell undergoing mitosis. The position of tau–GFP labeling
s. (h, i) Intense tau–GFP labeling can be seen perpendicular to and
ergoes metaphase. (j, k) The cell proceeds (j) through anaphase and
not included in this optical section). Pairs of yellow bars in (h–k)
uch more strongly labeled in live cells (h, i) than in fixed cells at
cal sections chosen to emphasize subcellular detail. Bar in a, c–k,m th
versl
d) pr
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25Ubiquitous Tau–GFP-Expressing ES Cells and Transgenic Micechromosomes themselves as propidium iodide and tau–GFP
label do not colocalize (Figs. 4e–4g).
Time-lapse footage of a tau–GFP-expressing ES cell un-
dergoing cell division shows that tau–GFP permits visual-
ization of the mitotic machinery as mitosis proceeds. Im-
ages selected from this time-lapse footage are shown (Figs.
4h–4k). Tau–GFP labels an oval structure reminiscent of
the mitotic spindle (Figs. 4h–4i) in a cell, which goes on to
divide (Figs. 4j–k). A strong signal corresponds to the
microtubule-rich midbody which forms at the constriction
between daughter cells (Fig. 4k). Tau–GFP label is excluded
from the chromosomes, which can therefore be visualized
(particularly clear in Fig. 4j but also apparent in Figs. 4h–4i).
These patterns of tau–GFP labeling resemble the distri-
bution of microtubules within the cell during different
phases of the cell cycle (Waters et al., 1993) and are
onsistent with the localization of ectopically expressed tau
rotein reported by others (Ludin and Matus, 1998; Kaech et
al., 1996; Preuss and Mandelkow, 1998; Mills et al., 1998;
Rodriguez et al., 1999) where tau decorates the microtubule
component of the cytoskeleton.
Tau–GFP-Labeled Cells Are Readily Detected in a
Variety of Cell-Mixing Experiments
We anticipate that a major application of these mice is as
a universal source of tau–GFP-labeled cells for cell-mixing
experiments. Therefore, we next assessed the properties of
our cells in three types of cell-mixing paradigm.
The production of chimeras allows analysis of cellular
interactions throughout development (Rossant and Spence,
1998). As the onset of transgene expression occurs in the
first few days after fertilization, we wanted to test whether
we could distinguish between transgenic and nontransgenic
cells in early embryos. We generated chimeras by aggregat-
ing eight-cell-stage transgenic and nontransgenic embryos.
These chimeras were cultured and imaged while still alive.
Fluorescent images of two such chimeras undergoing blas-
tocoel formation, in which labeled and unlabeled cells have
become intermingled, are shown in Fig. 5. In one chimera
(Fig. 5a) numbers of transgenic and nontransgenic cells are
balanced and in the other (Fig. 5b) transgenic cells are more
abundant than nontransgenic cells. Note that the tau–GFP
label allows the nuclear position of expressing cells within
the chimera to be mapped. Nonexpressing cells derived
from the nontransgenic embryo appear as gaps in the green
fluorescence.
Coculture of dissociated cells is often used to investigate
how the behavior of one cell population is influenced by
proximity to another. To test the use of our cells in this
type of experiment, dissociated cells from transgenic and
nontransgenic E16 cortex were mixed and cultured after
plating onto coverslips. Bright-field images of such a cocul-
ture show a tangle of cellular processes where it is very
difficult to assign a particular process to a particular cell
(Fig. 5c). This is resolved by examining the fluorescence
image, where tau–GFP clearly marks the morphology of
Copyright © 2000 by Academic Press. All rightransgenic cells and allows the course of their processes to
e traced (Fig. 5d, nuclei counterstained red mark positions
f cell bodies of both expressing and nonexpressing cells).
Organotypic coculture is often used to investigate how
xons generated by one tissue respond when challenged
ith the environment supplied by a second tissue. Axons in
rganotypic coculture typically travel longer distances than
s seen in cultures of dissociated cells and we wanted to
onfirm that tau–GFP labeling was efficient over longer
istances. In vivo, TCAs travel from the thalamus to the
ortex via the ventral telencephalon. In vitro, thalamic
xplants innervate explants of ventral telencephalon. Ex-
lants of transgenic E16 thalamus were cultured with
xplants of nontransgenic ventral telencephalon. After 3
ays in culture the explants were fixed and imaged. Tau–
FP-labeled fibers, which have grown into the unlabeled
xplant, were clearly visible (Fig. 5e) and at higher power
ndividual fibers could be clearly resolved (Fig. 5f). In some
f these cultures labeled cells migrated into unlabeled
issues and integrated into them. Examples of such cells are
hown in Fig. 5g.
DISCUSSION
We have produced a line of transgenic mice which ubiq-
uitously express a tau-tagged GFP protein. Since transgenic
mice ubiquitously expressing untagged GFP are already
available (Okabe et al., 1997; Hadjantonakis et al., 1998), it
is important to emphasize the benefits of each labeling
system. Untagged GFP diffuses throughout the cell freely so
a labeled cell generates a uniform fluorescent signal, al-
though the cell body tends to fluoresce much more strongly
than thin processes. Axons of cells transfected with soluble
GFP are less easy to detect than those of cells transfected
with tau-tagged GFP (this study; Rohm et al., 2000). Tau-
tagged GFP decorates the microtubule component of the
cytoskeleton and is excluded from the interphase nucleus
(this study; Ludin and Matus, 1998; Kaech et al., 1996;
Preuss and Mandelkow, 1998; Mills et al., 1998; Rodriguez
et al., 1999). This allows cellular features to be visualized in
cells expressing tau–GFP which are less clear in cells
expressing soluble GFP. For example, cell division can be
tracked by watching the fluorescent signal generated by
tau–GFP decorating the mitotic machinery, and alterations
in microtubule organization are also associated with other
processes such as cell death and migration. A potential
benefit of tau-tagged GFP over untagged GFP is that the
tagged version is anchored to the cytoskeleton so is less
likely to diffuse out of cells during tissue processing result-
ing in loss of signal and increased background. This prob-
lem was reported for a line of transgenic mice expressing
GFP where live preparations had to be perfused to wash
away leaking GFP (Van den Pol and Ghosh, 1998). In the
present study, slices of tau–GFP-expressing tissue can be
cultured in contact with unlabeled tissue without any
obvious deterioration of signal caused by GFP leaking from
s of reproduction in any form reserved.
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26 Pratt et al.the explant and the tau–GFP label remains detectable in
fixed tissue preparations after immunostaining for several
other proteins (data not shown). Tau-tagged GFP therefore
appears to be a more robust label than soluble GFP with the
advantage of illuminating the microtubule component of
the cytoskeleton.
Fixation of tau–GFP-labeled cells using the methods
employed in this study does not obviously result in a
decrease in GFP fluorescence since labeled and unlabeled
cells and their processes could easily be distinguished in
live and fixed preparations. Fixation, even when using
protocols specifically developed to preserve microtubule
structure (Schliwa and van Blerkom, 1981; Waters et al.,
1993), does however appear to alter the subcellular distri-
bution of tau–GFP. For example, comparison of tau–GFP
labeling of the mitotic machinery in fixed and live cells
reveals that whereas in live cells the mitotic spindle is very
clearly labeled, in fixed cells it appeared much fainter and
FIG. 5. Tau–GFP-labeled cells are easily detected in a variety o
between transgenic and nontransgenic embryos. These chimeras w
balanced chimera and (b) an unbalanced chimera in which most of t
can easily be mapped. The nuclear exclusion of tau–GFP facilitates
images of a mixed coculture of dissociated transgenic and nontran
clearly marked by green fluorescence; nuclei are stained red to aid
tau–GFP-expressing thalamus with nontransgenic ventral telenceph
(demarcated by dotted lines in (e)) with higher magnification in (f)
unlabeled tissue (gray scale of fluorescent image). Bar in a, b, g, 20the clearest fluorescent features are the MTOCs between t
Copyright © 2000 by Academic Press. All righthich the spindle forms. In general, fixation appears to
ause tau–GFP label to become “hazy” compared to the
harply defined tau–GFP labeling seen in live cells, but does
ot result in significant deterioration in the quality of
abeling above the subcellular level.
Of particular interest to us is that the tau–GFP is effi-
iently transported down cellular extensions and therefore
abels axons and fiber tracts. These can easily be detected
hen growing in among unlabeled cells so providing a
seful tool for investigating axon pathfinding, in identifying
eural connections for use in electrophysiological record-
ngs, and in assessing the success with which transplanted
ells integrate into host tissues and form appropriate con-
ections. In cell-mixing experiments, it was possible to
iew the GFP fluorescence of cultures while they were
rowing so providing a dynamic view of axon navigation.
ithout this label the cells of interest are obscured by the
ells or tissues providing the host environment. The use of
l mixing paradigms. (a, b) Blastocyst stage aggregation chimeras
generated by G. MacKay. Fluorescent confocal images show (a) a
lls are of transgenic origin. In each case the position of labeled cells
ounting of labeled cells. (c) Bright-field and (d) fluorescent confocal
c cortex. Note that the morphology of cells expressing tau–GFP is
arison of fields. (e–g) Confocal images of organotypic coculture of
. (e, f) Green fibers can clearly be seen as they enter unlabeled tissue
isualization of tau–GFP-labeled cells which have integrated into
c, d, 10 mm; e, 500 mm; f, 200 mm.f cel
ere
he ce
the c
sgeni
comp
alon
. (g) Vau–GFP obviates the need for tissue processing before the
s of reproduction in any form reserved.
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27Ubiquitous Tau–GFP-Expressing ES Cells and Transgenic Micesignal can be revealed. This is not generally the case with
carbocyanine dye labeling or immunostaining, which can
take days or weeks and complicates the option of observing
or manipulating identified cells while they are still alive.
The ability of tau–GFP to decorate microtubules allows
the visualization of the microtubule containing cytoskel-
eton at a subcellular level. In proliferating cells expressing
tau–GFP, we show that the pattern of tau–GFP labeling can
be used to identify phases of the cell cycle. The breakdown
of the nuclear envelope is indicated as tau–GFP, excluded
from the nucleus during interphase, fills the cell. The
MTOCs are strongly labeled allowing their replication and
movement to be tracked and the formation and orientation
of the mitotic spindle is also apparent. Intense GFP labeling
corresponding to the point at which the daughter cells
separate signals the end of mitosis. Although not addressed
in such detail as cell division in this study, the indications
are that changes in microtubule structure associated with
cell differentiation, migration, and death should also be
apparent.
Although the transgene is ubiquitously expressed, the
subcellular localization of tau–GFP causes certain anatomi-
cal features to be highlighted. In the brain, for example,
fiber tracts appear bright, regions of high nuclear packing
density appear dim, and blood vessels and membranes
(which are richly supplied with blood vessels) also appear
bright. These features can be used to provide fluorescent
anatomical landmarks which are useful when targeting
brain regions for dissection or injection.
One possible concern in using cells or tissues from these
mice is that ectopic expression of tau–GFP might compromise
cell function. Tau is a microtubule-binding protein, which is
usually only found in axons. Furthermore, disruption of nor-
mal tau function is associated with neurodegenerative disor-
ders such as Alzheimer’s disease (reviewed in Lee and Tro-
janowski, 1999) although transgenic mice lacking tau protein
appeared to develop relatively normally (Harada et al., 1994)
nd neurodegenerative pathology was not reported in trans-
enic mice ectopically expressing a tau isoform similar to the
ne we used to tag GFP (Gotz et al., 1995). Ectopic expression
f a tau–GFP fusion protein might disrupt cell function by in
ome way interfering with microtubule assembly or predis-
osing transgenic animals to neural pathological disorders
esembling Alzheimer’s disease. A second concern is that as
he transgene was introduced as a random integration event, it
s possible that this insertion event mutagenized an unknown
enomic locus.
In this study, expression of our transgene has no obvious
eleterious consequences. Ubiquitously expressing ES cells
an proliferate and contribute to the germline and ubiqui-
ously expressing mice heterozygous for the transgene ap-
ear to develop normally and are fertile. In addition, trans-
enic mouse lines expressing tau-tagged GFP (Rodriguez et
l., 1999) and LacZ (Mombaerts et al., 1996) in subsets of
ostmitotic neurons have been produced with no report of
ltered behavior. It cannot be ruled out that more subtle
ell-type-specific phenotypes will be identified with more
Copyright © 2000 by Academic Press. All rightetailed analysis. Experiments using these ES cells and
nimals should be designed with controls for possible
ffects of the transgene in whatever system is being studied.
These transgenic mice were produced via the generation
f ES cells ubiquitously expressing tau–GFP protein. The
se of a bicistronic expression vector in which tau–GFP
xpression was linked to puromycin resistance allowed for
election of stably expressing clones with puromycin so
bviating screening for fluorescent clones. The similar
uorescence of all clones picked confirms the success of
his strategy. It was also possible to screen the ES cells for
ikely suitability in generating a useful transgenic mouse.
n this case we were interested in marking neurons so we
ook advantage of the potential of ES cells to differentiate
nto neurons in vitro (Bain et al., 1995; Li et al., 1998). If
here were ES clones which switched off tau–GFP during
he differentiation, or had for some reason become incom-
etent to differentiate, then these could be discarded at this
tage. In this study, all clones could be induced to differen-
iate into cells with neuronal morphology which expressed
au–GFP in their processes and three were picked for
eneration of transgenic mice. Surprisingly, of two lines
enerated only one (TgTP6.3) exhibited strong tau–GFP
xpression in the brain although tau–GFP was expressed in
ther tissues in both. The incomplete success of this
creening strategy emphasizes the care that must be taken
n extrapolating from neurons derived from ES cells to the
ull repertoire of neuronal subtypes present in the brain.
Long-term cell-mixing experiments such as transplants
nd chimeras where labeled cell populations must remain
dentifiable for weeks or months after the experiment is
tarted demand that the label must be stable. Our cells fit
hese criteria since tau–GFP expression is ubiquitous both
n ES cells before and after differentiation in vitro and in all
ells from transgenic mice derived from these ES cells. A
ell carrying our transgene and its descendants should
herefore be detectable indefinitely.
These tau–GFP-expressing ES cells and TgTP6.3 trans-
enic mice can be used as a source of labeled cells of any cell
ype for use in short- or long-term cell-mixing experiments
r to establish cell lines. Transgenic “donor” cells and
issues can be visualized in exquisite detail after mixing and
ulture with nontransgenic host tissues demonstrating the
alue of our cells in cell mixing applications such as those
nvolved in the development of neural transplantation
echnologies (Isacson et al., 1995; Scheffler et al., 1999;
vendsen and Smith, 1999). Genetic modifications to the
abeled cells can be achieved by manipulating the ES cells
r by breeding the transgenic mice to place the tau–GFP
ransgene on different genetic backgrounds.
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